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ABSTRACT
Atlantis Bank (AB) is an oceanic core complex (OCC), formed at the slowspreading (spreading rate <80 mm/yr) Southwest Indian Ridge (SWIR)-Atlantis II
transform junction. AB is a domal massif composed of lower crustal and upper mantle
rocks exhumed along a normal-sense detachment shear zone/fault. OCCs are of high
interest since oceanic crust comprises the majority of Earth’s crust and OCCs form up to
15% of the crust that is formed at slow-spreading ridges. Brittle deformation, such as
faults and fractures provide pathways for fluids to interact with the crust, which increases
heat and mass exchange between the crust and hydrosphere, and is related to the
redistribution of nutrients supporting the deep biosphere. However, little has been done to
understand the brittle history of OCCs especially in their footwall. AB is one of the best
studied OCCs in the world, which makes it an ideal location for this study providing
insight into the brittle evolution of OCCs. AB has one moderate and two deep drilled
holes distributed around the massif. Each hole was cored and logged by the Ocean
Drilling Program (ODP) or International Ocean Discovery Program (IODP). This study
analyzed core and downhole petrophysical logs (Ultrasonic Borehole Imager and
Formation Microscanner) in order to locate and determine the orientation of fractures and
joints throughout the three holes. The use of petrophysical tools is essential since they
provide a near-continuous record of the borehole wall and record geographic orientation
information, which are lost in core samples. By completing a dynamic and kinematic
analysis using fracture and fault slickenline orientation across all holes, the paleo-stress
field(s) responsible for the brittle evolution of AB were estimated and then compared
with potential local and regional causes for fracturing. Brittle deformation is thought to
ii

be potentially caused by 1) a flexure of the footwall during exhumation, 2) detachment
shear zone/fault zone deformation, 3) horizontal rotation of the spreading direction of
SWIR causing transtension along the Atlantis II transform and/or, 4) late-stage, highangle, ridge parallel and ridge perpendicular normal faults.

iii

ACKNOWLEDGMENTS
First and foremost, I would like to extend my gratitude to my committee chair Dr.
Jeremy Deans for his guidance throughout these past two years, his knowledge of this
study, and his compassion for education. I would also like to thank my committee
members Dr. Heitmuller and Dr. Puckett for their efforts to better my methods and
research. I would like to thank SPWLA for funding my research, which allowed me to
pursue and complete this study. I also appreciate Schlumberger for donating Techlog
software, and I would like to thank ODP and IODP for providing free accessible data that
was used for this project. Lastly, I would like to thank the University of Southern
Mississippi for providing all the materials I needed to complete this study.

iv

TABLE OF CONTENTS
ABSTRACT ................................................................................................................... ii
ACKNOWLEDGMENTS ............................................................................................. iv
LIST OF ILLUSTRATIONS ........................................................................................ vii
LIST OF ABBREVIATIONS ........................................................................................ ix
CHAPTER I - INTRODUCTION ....................................................................................1
CHAPTER II – GEOLOGIC SETTING ..........................................................................4
2.1 Brittle Deformation ................................................................................................7
2.1.1 Hole 735B .......................................................................................................9
2.1.2 Hole 1105A ................................................................................................... 10
2.1.3 Hole U1473A ................................................................................................ 11
2.2 Petrophysical Logging ......................................................................................... 13
2.2.1 Petrophysical Tools ....................................................................................... 13
2.2.2 Hole 735B ..................................................................................................... 14
2.2.3 Hole 1105A ................................................................................................... 14
2.2.4 Hole U1473A ................................................................................................ 15
CHAPTER III - METHODS .......................................................................................... 16
3.1 Logging ............................................................................................................... 16
3.2 Data Analysis ....................................................................................................... 17
3.3 Dynamic and Kinematic Analysis ........................................................................ 18
v

CHAPTER IV – RESULTS ........................................................................................... 20
4.1 HOLE 735B FRACTURES AND FAULTS ......................................................... 20
4.2 HOLE 1105A FRACTURES AND FAULTS ....................................................... 28
4.3 HOLE U1473A FRACTURES AND FAULTS .................................................... 34
4.4 ALL HOLES ....................................................................................................... 47
CHAPTER V – DISCUSSION ...................................................................................... 54
5.1 Dynamic and Kinematic Analysis ........................................................................ 55
5.2 Flexure of the Lithosphere ................................................................................... 63
5.3 Detachment Fault Zone Deformation ................................................................... 67
5.4 Transtension along the SWIR ............................................................................... 68
5.5 Crustal Scale Faults.............................................................................................. 72
CHAPTER VI – CONCLUSION ................................................................................... 74
REFERENCES .............................................................................................................. 76

vi

LIST OF ILLUSTRATIONS
Figure 2.1 ........................................................................................................................5
Figure 2.2 ........................................................................................................................6
Figure 2.3 ........................................................................................................................7
Figure 3.1 ...................................................................................................................... 19
Figure 4.1 ...................................................................................................................... 23
Figure 4.2 ...................................................................................................................... 24
Figure 4.3 ...................................................................................................................... 26
Figure 4.4 ...................................................................................................................... 27
Figure 4.5 ...................................................................................................................... 28
Figure 4.6 ...................................................................................................................... 30
Figure 4.7 ...................................................................................................................... 31
Figure 4.8 ...................................................................................................................... 32
Figure 4.9 ...................................................................................................................... 33
Figure 4.10 .................................................................................................................... 33
Figure 4.11 .................................................................................................................... 38
Figure 4.12 .................................................................................................................... 39
Figure 4.13 .................................................................................................................... 40
Figure 4.14 .................................................................................................................... 42
Figure 4.15 .................................................................................................................... 44
Figure 4.16 .................................................................................................................... 45
Figure 4.17 .................................................................................................................... 46
Figure 4.18 .................................................................................................................... 49

vii

Figure 4.19 .................................................................................................................... 50
Figure 4.20 .................................................................................................................... 51
Figure 4.21 .................................................................................................................... 52
Figure 4.22 .................................................................................................................... 53
Figure 5.1 ...................................................................................................................... 57
Figure 5.2 ...................................................................................................................... 58
Figure 5.3 ...................................................................................................................... 59
Figure 5.4 ...................................................................................................................... 60
Figure 5.5 ...................................................................................................................... 62
Figure 5.6 ...................................................................................................................... 65
Figure 5.7 ...................................................................................................................... 66
Figure 5.8 ...................................................................................................................... 70
Figure 5.9 ...................................................................................................................... 71

viii

LIST OF ABBREVIATIONS
AB

Atlantis Bank

FMS

Formation MicroScanner

GPIT

General Purpose Inclinometry Tool

HNGS

Hostile Environment Natural Gamma Ray Sonde

IODP

International Ocean Discovery Program

Ma

millions of years ago

MAR

Mid-Atlantic Ridge

mbsf

meters below seafloor

m.y.

million years

NGL

Natural Gamma Ray Logger

NGT

Natural Gamma Ray Toll

OCC

Oceanic Core Complex

ODP

Oceanic Drilling Program

P

Compression

SWIR

Southwest Indian Ridge

T

Tension

UBI

Ultrasonic Borehole Imager

ix

CHAPTER I - INTRODUCTION
Oceanic crust makes up ~70 percent of the Earth’s surface, with as much as 35%
of crust formed at slow-spreading ridges (i.e., ridges that spread <80 mm/yr; Searle,
2013). About 15% of slow-spreading ridges form by asymmetric extension along
detachment shear zones/faults leading to the formation of oceanic core complexes
(OCCs), which denudes pillow basalts and sheeted dikes and exposes lower crustal and
upper mantle rocks at the seafloor (Smith et al., 2006). This study aims to investigate the
orientation and distribution of fractures (i.e., joints and faults) in three boreholes within
the Atlantis Bank (AB) OCC, Southwest Indian Ridge. Brittle deformation analysis was
done by using core-log integration of rocks hosted in the footwall of AB. This study is of
importance due to the fundamental role brittle deformation plays in the formation of AB
and the control faults and fractures have on the permeability of the crust governing the
exchange of mass and heat between Earth’s interior and the hydrosphere/atmosphere.
(e.g., Plouviez et al., 2015; Hayman et al., 2012; Korenaga, 2007). The analysis of brittle
deformation of AB will better constrain the brittle history at a ridge-transform
intersection and the exhumation of OCCs.
AB is the best-studied OCC in the world and is of particular interest for this study
as it has three deep boreholes with petrophysical borehole images that are distributed ~2
km from each other, which is currently unparalleled at other OCCs. Each of the three
holes were cored and logged by the Ocean Drilling Program (ODP) or the International
Ocean Discovery Program (IODP). In their respective order from north to south along
AB, Hole U1473A was drilled 795 meters below sea floor (mbsf) and logged from 785.5
mbsf to 20 mbsf; Hole 1105A penetrated 158 mbsf and logged from 157 to 20 mbsf; and
1

Hole 735B was drilled at the depth of 1500.7 mbsf and logged from 595 to 50 mbsf, with
some logs starting at 90 mbsf. Downhole logging was carried out by using different
suites of petrophysical logging tools, such as the natural gamma ray logger, Ultrasonic
Borehole Imager, Formation MicroScanner, and others. The integration of the cores and
logs from each hole allowed for the analysis of the fractures, joint sets, and fault
slickenlines, and their spatial distribution and density across the complex.
Slow spreading ridges like SWIR commonly form dome-shaped complexes,
which form due to episodic magma supply to the ridge axis leading to a detachment shear
zone/fault to form (Karson and Dick, 1984; Karson, 1984; Dick, H.J.B. et al., 1991;
Smith et al., 2008, 2006; John and Cheadle, 2010; Pressling et al., 2012). During
exhumation the footwall rotated away from the spreading ridge causing flexure, a rollinghinge, which increases the bathymetric expression of the domal-shaped AB (Buck, 1988;
Allerton, 1989; Baines et al., 2003, 2008; Smith et al., 2008; Parnell-Turner et al., 2017).
AB also has late stage, high-angle normal faults that were a main cause for the anomalous
uplift of AB, which is currently ~1-3km above the average seafloor of the area (Baines et
al., 2003).
Principle stresses can be used to place constraints on the orientation of brittle
features (Anderson, 1951), and at spreading ridges the fractures should have orientations
caused by the stress field present at that time. In a simple dynamic model of a spreading
ridge the maximum compressive stress (sigma 1) should be perpendicular to the sea floor
(i.e., vertical), and the least compressive stress (sigma 3) should be parallel to the
spreading direction (i.e., horizontal and perpendicular to the spreading ridge). If OCCs
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form by simple 2-D extension, the fractures are predicted to strike parallel to the
spreading ridge, perpendicular to the spreading direction.
Petrophysical tools provide a continuous record of the borehole and some tools
record their orientation relative to north. When the core is being recovered the core does
not record its original orientation as it is free to rotate, which does not allow the strike of
planar features and the trend of linear features to be measured relative to geographic
north. Therefore, the logs are more reliable tools when measuring the orientation of
structures like fractures and faults, however rock properties are better observed using
core. The measured orientations for the fractures and joint sets were interpreted by the
software program Techlog (Schlumberger). Petrophysical analysis was augmented with
core observations to include slip direction (e.g., slickenlines) and kinematics (e.g., shear
sense indicators).
The objectives of this research project are to: 1) determine the orientation,
distribution, and density of the brittle features throughout AB, 2) analyze brittle features
and assign a mean stress field at various depths and locations along AB, and 3) correlate
the stress fields with the dynamic and kinematic analysis of the deformational setting to
better understand how brittle deformation is related to OCC formation.
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CHAPTER II – GEOLOGIC SETTING
AB is exposed over a ~300 km2 area with a dome shape located ~90 km south of
the Southwest Indian Ridge and east of Atlantis II Transform at 57°15’E, 32°45’S
(Figure 2.1; Dick et al., 1991; Stakes et al., 1991). The Atlantis II Transform strikes N-S,
which parallels the spreading direction of the Southwest Indian Ridge (Dick et al., 1991;
Baines et al., 2003, 2008). AB formed 11.9 to 12.1 Ma, which was determined by using
U/Pb in zircon from felsic dikes and evolved oxide gabbros (Baines et al., 2009; Rioux et
al., 2016; Grimes et al., 2007; 2009) and magnetic stripes (Allerton, 1989; Baines;
Allerton and Tivey, 2001). AB is characterized by exposures of lower crustal rocks of
mostly gabbro and peridotite/serpentinite. AB has been cored, and electrically logged in
one moderate and two deep drilled holes (Figure 2.2), which are largely characterized by
gabbroic rocks that vary in composition with respect to depth and the hole (Figure 2.3).
The main rock types found within AB are olivine gabbro, micro gabbros, Fe-Ti oxidebearing gabbros and gabbronorites, with minor cross cutting felsic veins; Although the
igneous petrology from hole to hole may be difficult to correlate, the mineral averages for
each hole were very similar. Point-counting of 220 thin sections within Hole 735B
represents the average mineral abundance throughout the 3 holes. The average mineral
abundance throughout the various gabbros is 58.9% plagioclase, 30.6% augite, 8.2%
olivine, 0.62% orthopyroxene, and 0.79% oxide (Dick et al., 1991; Natland & Dick,
1999; MacLeod et al., 2017a) . These gabbroic rocks have a protracted history of
deformation ranging from hyper-solidus, granulite grade mylonites to sub-greenschist
grade veins, faults, and fractures (Dick et al., 2000; Miranda and John, 2010; MacLeod et
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al., 2017). The distribution, orientation, and overall characteristics of theses planar
features will be described for each hole in the following sections.

B

A

Figure 2.1
Two maps for this study area. A) Location of Southwest Indian Ridge and Atlantis Bank (red star) on a global scale, which lies
between the Antarctic plate and African plate (the Antarctic plate is to the east-northeast of the SWIR and the African plate is to the
west-southwest). B) The location of Atlantis Bank in relation to the Southwest Indian Ridge and the Atlantis II Transform (SWIR is
currently ~90 km to the north of AB).
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Figure 2.2
Bathymetric map of Atlantis Bank. Northern portion of map is the portion of the massif that is most proximal to the Southwest
spreading ridge, where the western portion of the map is where Atlantis II Transform is located. Black stars indicate the location of the
three drilled holes (735B, 1105A, U1473A). Normal faults are shown as well (modified after Miranda and John, 2010)

6

Figure 2.3
A comparison of the lithologies between Holes 735B, U1473A, and 1105A, where each column indicates the depth and the fraction of
rock type in core (modified after MacLeod et al., 2017). Lines to the right of each log represent the depth at which they were logged,
where the black lines represents FMS and the red line represents UBI.

2.1 Brittle Deformation
Brittle deformation in AB and all OCCs is characterized by faults, joint sets,
fractures, and veins that are variably distributed downhole. Brittle deformation of OCCs
has been observed to be most focused from 0-100 mbsf, which defines the detachment
shear zone/fault (Cannat et al., 1991; Schroeder and John, 2004; Miranda and John,
7

2010), but brittle structures have been observed throughout all sampled intervals and all
other studied OCCs. Each core and the surface of AB has a record of brittle deformation
with thousands of fractures and veins (Pettigrew et al., 1999; Dick et al., 2000; MacLeod
et al., 2017; Miranda and John, 2010). Submersible-based studies have shown that there
are two sets of normal faults, a set that strikes parallel to the transform fault and a set that
strike perpendicular to the transform fault (Baines et al., 2003) (Figure 2.2). The set of
normal faults that parallel the transform fault (north-south striking) have a 40-60° dip to
the east and west, which were recorded to have slickenlines indicating mainly a dip-slip
motion with a rake recorded to be ~85° to the north (Baines et al., 2003).
Pressling et al. (2012) completed a brittle deformation study using Hole U1309D
of the Atlantis Massif, Mid-Atlantic Ridge, which is the only other OCC the has had a
brittle deformation study with reorientation completed. Atlantis Massif was exhumed by
the north–south trending, east-west spreading Mid Atlantic Ridge. Hole U1309D was
logged from 94-1415 mbsf, with ~3000 fractures identified (Pressling et al., 2012). The
fractures were split into six depth intervals where there appears to be two different sets of
fractures. There is an E-W striking north and south dipping conjugate fracture set that is
persistent throughout the entire hole, and there is also a subsidiary N-S striking set that
dips to the east in the upper ~380 m of the hole (Pressling et al., 2012). The N-S striking
fractures are best explained by exhumation along the detachment fault, whereas the E-W
striking conjugate fractures is explained to be due to late stage uplift along spreadingperpendicular normal faults (Pressling et al., 2012).
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2.1.1 Hole 735B
Site 735 was a multi-step process, ODP Leg 118 drilled Hole 735B to 500.7 mbsf
with 434.81 meters of core being recovered (86.8 recovery percentage; Robinson et al.,
1989), and ODP Leg 176 reoccupied Hole 735B and penetrated down to 1508 mbsf with
1003.2 meters of core recovered (86.3 recovery percentage; Figure 2.2; Scientific Party,
1999; Dick et al., 2000). Microfracturing, discrete faults, cataclasites, veins, and joints
are brittle features that were documented throughout the core and petrophysical logs.
Shipboard scientists of Leg 118 recorded three cataclastic zones (176-181, 273-275.5,
and 328.5-330 mbsf) (Shipboard Scientific Party, 1989), where scientists of Leg 176
recorded many of the cataclastic zones to be located at 490, 560, and 690-700 mbsf.
Shipboard scientists of Leg 176 also located two minor cataclasites at depths of 1076 and
1100-1120 mbsf (Shipboard Scientific Party, 1999; Dick et al., 2000). Veins and joints
tend to be localized in the upper portion of the hole (0-800 mbsf), which correlates to the
location of the majority of other brittle features. The intensity of veins and fractures in the
upper 800 mbsf is >10 veins per meter, and below 1100 mbsf the intensity decreases to
<2 veins per meter (Scientific Party, 1999).
There are three main groups of veins that concentrate at differing depths, but can
are not restricted to that depth alone. The main groups are: (1) amphibole veins (450-750
mbsf); (2) carbonate veins (450-750 mbsf); and (3) smectite (580-850 and 1050-1508
mbsf) and zeolite veins (1050-1508 mbsf) (Natland and Dick, 1999). Scientists from Leg
176 and 118 indicate the majority of the veins are within the upper portion of the hole,
and that the intervals of lower recovery was due to high abundances of fractures, joints,
and veins present, but also noted that the majority of the veins in the upper portion of the
9

hole are amphibole (85-220 mbsf; Robinson et al., 1989, Natland and Dick, 1999). Many
of these veins form crosscutting relationships. Smectite/zeolite and carbonate veins
postdate magmatic and amphibole veins, and amphibole veins postdate magmatic veins.
Carbonate veins dip 40-60°; the amphibole veins tend to have a dip of 60-80°, whereas
the smectite/zeolite veins have a shallower dip of 20-40° (Scientific Party, 1999). There
is a downhole decrease in dip due to the steep dipping amphibole veins concentrated in
the middle portion of the hole (~500-800 mbsf), and the shallow dipping clay veins in the
lowest portion of the hole (~1400-1500 mbsf). Veins and fracture surfaces were used to
obtain slickenside orientations, but only 7% of the total observed planar features include
this information (Natland and Dick, 1999). Slip indicators are 8.8% oblique-slip, 2.8%
dip-slip, 2.2% strike-slip, and 86% showed no striae (Scientific Party, 1999).

2.1.2 Hole 1105A
Site 1105, Hole 1105A was drilled during ODP Leg 179 to the depth of 157.43
mbsf, and retrieved a total of 123 m (78.1% recovery) of core (Figure 2.2) (Pettigrew et
al., 1999; MacLeod et al., 2017a). The brittle deformation of this hole is much like Hole
735B, with joints, veins, faults, and cataclasites. Four fractured zones were noted to be at
112, 127, 135, and 150 mbsf along with fault breccias at 25, 86, 105, and115 mbsf (Casey
et al., 2007; MacLeod et al., 2017). Hole 1105A has 426 fractures/joints that were
identified and measured (MacLeod et al., 2017).
Hole 1105A is dominated by three vein types: (1) amphibole veins, which is the
most abundant vein with an average dip of ~55° and a standard deviation of 16°; and
(2&3) clay and carbonate veins that have an average dip of a ~54° dip and a standard
10

deviation of 18° (MacLeod et al., 2017). The frequency of the veins are inverse with one
another; where there is an abundance of clay/carbonate veins at 70-80 and 140-150 mbsf,
there are very few amphibole veins present. The same is said to be true when amphibole
veins are abundant (40-50, 60-70, and 120-130 mbsf), the clay/carbonate veins are scarce
(MacLeod et al., 2017). Where there is a higher fracture intensity within the hole, the
vein density tends to increase as well. The higher fracture and vein intensity is found
from 90-150 mbsf. The average vein density with no fracture zone is 1-5 veins per 10
centimeters, and at the fracture zones the vein density is from ~5 veins per 10 centimeters
to greater than 20 veins per 10 centimeters. Fourteen fractures filled with vein material
preserve slickensides where 12 of the 14 have moderate to high rake angles, which
indicates an oblique-slip to dip-slip sense of motion, much like Hole 735B (MacLeod et
al., 2017).

2.1.3 Hole U1473A
Hole U1473A was drilled during IODP Expedition 360 and is drilled to 789.7
mbsf with 469.4 meters of core recovered, a total 63% recovery with increased recovery
below a large fault at ~450 mbsf (Figure 2.2) (MacLeod et al., 2017b). Hole U1473A is
the closest hole to the spreading ridge, and shows the same types of brittle deformation as
the other two holes. There are seven main faults and, twelve subsidiary faults, with the
seven main faults located at 44, 114, 130, 187, 274, 315, and 411-469 mbsf (MacLeod et
al., 2017). In low fractured and faulted zones core was able to be recovered for data
analysis, but in highly faulted and fractured zones data were obtained from core debris
and logging instruments. Some faults within the core range from 1-50 cm thick, but some
11

of the fault zones are characterized by having high densities of fractures, such as the
fracture zone at 315 mbsf, which includes a 10 m thick zone of fracturing ( MacLeod et
al., 2017).
Vein density within this core is 1 vein per 10 cm in the top 640 m, and decreases
to 0.5 veins per 10 cm from 640 m to 789.7 mbsf. The veins found within Hole U1473A
are (1) carbonate, (2) clay, and (3) amphibole, in their respective order by greatest to least
abundance within the core. The amphibole veins have an average dip of 48° with a
standard deviation of 18° (MacLeod et al., 2017). The amphibole veins are mainly
localized in the upper 170 m of the borehole, but do occur below 170 m with a significant
decrease in abundance. Clay veins are located throughout the core, but tend to be most
abundant at 150, 240, 250 and 620 mbsf (MacLeod et al., 2017). Clay veins exhibit a
mean dip of 43° and a standard deviation of 26° (MacLeod et al., 2017). Carbonate veins
first occur at 180 to 190 mbsf at 10 veins per 10 centimeters (MacLeod et al., 2017). The
carbonate vein frequency increases considerably to ~37 veins per 10 centimeters at local
maximas (340-350, 390-400 mbsf), and at 20-25 veins per 10 centimeters at depths of
400-470 mbsf (MacLeod et al., 2017). Carbonate veins tend to be randomly distributed
throughout the hole, but there is an increase in abundance of the carbonate veins in the
presence of faults. The veins abruptly decrease around 610 mbsf. The carbonate veins
show to have an average dip of 48° with a standard deviation of 18° (MacLeod et al.,
2017). Nine-hundred and sixty-nine fractures were measured through the entire core, and
64 of the fractures were identified to have slickenlines, with the majority of the
slickenlines located at 250 and 530 mbsf (MacLeod et al., 2017). The rake of the
slickenlines range between 6°-90° with an average of 64°, which indicates that most of
12

the faults are oblique-slip with very few being dip-slip. Four slickensides show a normal
sense of shear, and one has a reverse sense of shear (MacLeod et al., 2017).

2.2 Petrophysical Logging
2.2.1 Petrophysical Tools
All holes had at least two passes of the Formation MicroScanner (FMS), which
measures the microresistivity of the borehole using four pads resulting in high resolution
but only 25% coverage of the borehole wall. Fractures, faults, and veins can be identified
using the FMS tool because there is a lack of resistivity in fluid-filled fractures or veins
compared to the more resistive gabbro. Hole U1473A was logged with the FMS and the
Ultrasonic Borehole Imager (UBI). The UBI is a rotating transducer that emits and
receives acoustics. Unlike the FMS tool, UBI produces a lower-resolution image, but
records 100% of the borehole. Fractures are identifiable in UBI images as irregularities in
the borehole wall. Both of these tools have a general purpose inclinometry tool (GPIT)
attached to them, which has an accelerometer and magnetometer that controls the
acceleration and orientation of the tools while logging. By using the GPIT both of these
tools are able to record properties of the borehole wall and orientation relative to north,
which allows for fracture orientation to be determined. FMS and UBI underwent
corrections by correcting for things such as speed, electrical signal, orientation,
normalization, borehole specifics, transit time, and depth-shifting. Every time one of
these tools were deployed downhole the Natural Gamma Ray Tool (NGT) was included,
which records the radiation from isotopes K, U, and Th. This allows for depth correction
and correlation between the FMS and UBI measurements.
13

2.2.2 Hole 735B
During Leg 176 pipe was lost downhole that caused there to be a limited extent
when logging Hole 735B. The lost pipe only allowed the logging process to occur from
50-595 mbsf (545m total), with some tools run between 90-595 mbsf (Dick et al., 2000,
Shipboard Scientific Party, 1999). FMS and NGT were run together on the second run
with two passes between 90 and 595 mbsf (Dick et al., 1999). The first pass of the FMS
tool resulted in poor readings, so the second pass was deployed with a different FMS tool
and it also had a poor readings. Despite the poor readings, onshore processing
significantly improved the resolution of the data (ODP Leg 176 Scientific Party, 2000).
The NGT and the Hostile Environment Natural Gamma Ray Sonde (HNGS) are both
spectral gamma ray logs that were used on separate runs, and they both correlated well to
each other.

2.2.3 Hole 1105A
Hole 1105A was logged from 20 to 157 mbsf with all of the electrical logs that
were deployed downhole for measurements. The hole was drilled to ~158 mbsf but the
bottom of the logged intervals was at ~157 mbsf, and the logged depth varies amongst
each tool because the position of the logging device from the bottom of tool varies (ODP
Leg 179 Scientific Party, 1998). The cut off for the upper most portion that was logged
corresponds to the depth of the drill pipe, which was ~20 mbsf. There were four runs total
with various petrophysical tools, but for the focus of this paper the second run is of most
interest because the FMS was coupled with the NGT. On the second run, both of the FMS
and NGT had accurate readings.
14

2.2.4 Hole U1473A
Hole U1473A was drilled to a depth of 789.2 mbsf and had three separate
electrical log runs. The first run is called the “triple combo”, which was not carried out in
the other holes, where the triple combo has the NGT along with density and resistivity
tools. The first run was logged from 787.8 mbsf to the seafloor and included a 150 m
calibration pass. The second run was the FMS, NGT, and sonic tool, which had three
passes but only the 1st and 3rd were successful passes that recorded from 785.5 mbsf to
the base of the drill pipe, in this case ~50 mbsf (MacLeod et al., 2017a). One of the FMS
arms did not extend in the 2nd pass, so that one was omitted. The FMS cannot read
through the casing or drill pipe like the NGT, which is from the seafloor to 15 mbsf. The
third run deployed the UBI tool, which had two passes, the only hole that had UBI
deployed. The first pass was a downhole pass and recorded from the drill pipe to 785.2
mbsf, and the second pass was the uplog that recorded 778.6 mbsf to drill pipe (MacLeod
et al., 2017a). The FMS and UBI cannot read through the casing or drill pipe like the
NGT, so the FMS and UBI did not record the extent of the casing, which was from the
seafloor to 15 mbsf, but the drill pipe was ~50 mbsf. All processing is done on shore by
the Bore Hole Research Group at the Lamont-Doherty Earth Observatory. All of the tools
used in Hole U1473A appeared to have good quality, but required a few corrections
(depth, resolution, etc.) on shore (MacLeod et al., 2017a).
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CHAPTER III - METHODS
3.1 Logging
This study was conducted by correlating cores and petrophysical logs (UBI, FMS)
from ODP Hole 735B, ODP Hole 1105A, and IODP Hole U1473A. Each tool has the
GPIT connected that has an accelerometer and magnetometer that controls the
acceleration and orientation of the FMS and UBI tool while drilling. Post logging
corrections were completed by the Bore Hole Research Group at the Lamont Doherty
Earth Observatory at Columbia University, which included speed, electrical signal,
orientation, normalization, borehole specifics, transit time, acceleration, and depthshifting. Log processing was completed using the Techlog and GeoFrame software
package, Schlumberger. During the logging process of each tool the logging cable may
stretch, stick, and slip, which may cause uncertainty in the depth of the logs.
Some workers (Davatzes and Hickman, 2010) have suggested that FMS and UBI
provide a distinct record of planar features and should not be compared as a 1 to 1
record.. FMS is noted to record more planar features such as faults and foliation, except
where there is high amounts of foliation to obscure the fractures, especially features with
a moderate to shallow depth. UBI is better for measuring steeper features, such as pipe
wear, drilling induced faults (petal structures), wall breakouts, and steeper dipping planar
structures like fractures (Davatzes and Hickman, 2010). Therefore, careful practices were
taken when comparing the two logs, such as plotting the measurements of both tools on
separate stereonets in order to visualize the identification and sampling bias. Holes 735B
and 1105A did not have this correlation issue since only the FMS tool was run.
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Once processing and quality control was completed for each hole and log,
fractures were identified. Fractures in Hole 735B were identified by Jerry Iturrino of the
Bore Hole Research Group at the Lamont Doherty Earth Observatory, Columbia
University; Hole 1105A by Jeremy Deans at the University of Southern Mississippi; and
Hole U1473A by Jeremy Deans and Chris MacLeod and Aled Evans from Cardiff
University.

3.2 Data Analysis
The raw logging data was obtained from ODP and IODP
(http://mlp.ldeo.columbia.edu/logdb/scientific_ocean_drilling) Fracture orientations were
exported from GeoFrame and Techlog and plotted and analyzed into the free accessible
program Stereonet (Version 10.2.0 64-bit; Allmendinger et al., 2011). This program was
used to plot the fracture orientations onto a lower-hemisphere, equal-area stereonet in
order to identify distinct fracture sets and then compare with regional structures. The
fractures were also exported into MATLAB to create various plots. The plots include dip
with depth, dip angle at specific depths, and number of fractures per depth zone. Each
hole was split up into sections of roughly equal-depth intervals and for each individual
section the fractures were put into a stereonet. Sectioning at different depth intervals (e.g.
100-150, 150-200 m) was done in order to determine if there are patterns and/or
populations in the fracture networks with depth. Sectioning was also completed adjacent
to interpreted faults to determine if there are distinct fracture populations in these depth
intervals compared to the rest of the hole. After testing all the depth intervals, ~150 m
depth intervals best exhibited the fracture patterns and populations.
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3.3 Dynamic and Kinematic Analysis
Dynamic analysis is the process of using structures, specifically fractures, to
predict the orientation of the paleo-stress ellipsoid during deformation. The stress
ellipsoid is made up of three mutually perpendicular principal stresses, sigma 1, sigma 2,
and sigma 3, with sigma 1 being the greatest compressive stress, sigma 2 the median
compressive stress, and sigma 3 the least compressive stress. The assumption that one
principal stress is always perpendicular to Earth’s surface, allows for the reconstruction
of the paleo-stress ellipsoid (e.g., Anderson, 1951). In a simple model of principle
stresses, joints will form parallel to sigma 1 (i.e., strike parallel to sigma 1) and open
perpendicular to sigma 3 (Figure 3.1). Conjugate fractures are predicted to form with
sigma 1 bisecting their acute angle and sigma 3 bisecting their obtuse angle (Figure 3.1).
Plotting joints and fractures onto stereonets allows for an understanding of the orientation
of the stress ellipsoid. The results were compared between holes, depth, and with
regional structures.
Kinematic analysis was completed using linear data indicating slip direction.
Using the orientation of faults and slickenlines, the shortening and extension directions
for each fault can be determined. The shortening and extension directions is based on the
strain ellipsoid defined by the maximum extension axis, x, and the maximum shortening
axis, z. The program FaultKin (Marrett and Allmendinger, 1990; Allmendinger et al.,
2011) was used to complete kinematic analysis. Linear data in the form of re-oriented
fault slickenlines required for kinematic analyses were re-oriented in a parallel study by
(Burden et al., 2019).
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In order to better understand the dynamics and kinematics in the study area, it is
important to integrate the two data sets. Dynamic analysis is normally based on fractures
and joints, and is described by the direction of the principal stresses. Whereas, kinematic
analysis is based on faults and accompanied slip data, and described by the extension or
shortening directions. In order to integrate these two analyses it may be assumed that
sigma 3 is parallel to the extension direction, in addition to sigma 1 being parallel to the
shortening direction. By separating each hole into sections, integrating dynamic and
kinematic analyses provides insight to the stress and strain field from the mechanisms
causing and orientation of deformation.

Figure 3.1
Block diagram indicating the orientation of conjugate fractures and joints in relation to sigma one and sigma three. Joints will form
parallel to sigma one and perpendicular to sigma three, where conjugate fractures will have sigma one intersecting the acute angle and
sigma three will bisect the obtuse angle.
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CHAPTER IV – RESULTS
Within this section the orientation and distribution of fractures in each hole will
be described in detail. Each hole was separated into depth bins based on the orientation of
the fractures downhole (see Methods). Stereonets were created for all holes, each hole,
and each depth bin. For each stereonet, various sets of statistics are described, such as the
quantity of fractures per depth bin, average dip, and average dip direction for each
population of fractures. Below, each hole is described separately, then all of the holes are
considered together.

4.1 HOLE 735B FRACTURES AND FAULTS
1,196 fractures were identified in Hole 735B from the depths of 90 to 595 mbsf
(Figure 4.1). All of the fractures were plotted on a stereonet that shows there to be two
main sets of fractures represented by contours by the Kamb method (Kamb, 1959): 1) one
cluster of fractures are N-S striking and west dipping and 2) one set of conjugate
fractures striking E-W dipping north and south (Figure 4.1). The fractures were also
plotted with depth and show an increase in the number of fractures with depth (Figure
4.1). There is also an apparent increase in the number of fractures at depths that correlate
with faults (Figure 4.2). Fractures in Hole 735B were plotted with dip angle versus depth
(Figure 4.2), where there is a high array of fractures throughout the hole. Throughout the
hole there is fractures that range from ~0-90° in dip, but cataclasite zones identified from
Leg 118 and 176 have an absence of low angle fractures and range in dip from ~30-80°
(e.g. depths: ~175, 250-350, 500 mbsf; Figure 4.2).
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Hole 735B was separated into five depth bins (90-150, 150-250, 250-350, 350450, and 450-595 mbsf) based on distinctive fracture orientations (Figure 4.3).
The upper most depth bin, 90-150 mbsf has 139 fractures that are characterized by a set
of conjugate fractures that dip north to southeast and dip northeast and southwest. The
fractures at this depth have a moderate to steep dip, as seen in the histograms of figure
4.3. The vast majority of fractures dip to the north. The average dip is 61° with an
average dip direction of 021° for the north dipping fractures and 209° for the south
dipping fractures (Figure 4.3). The next deepest depth bin of 150-250 mbsf has 220
fractures with northeast-southwest dipping fractures still present, along with a more
abundant cluster/saddle of north-south striking fractures that have a moderate westnorthwest dip. There also appears to be a less abundant fracture set with the same strike
but dips to the east-southeast. The average dip is 59° with an average dip direction of
004° for the north dipping fractures, 208° for the south dipping fractures, and 275° for the
west dipping fractures. The same cluster of west dipping fractures within the 150-250
mbsf depth bin are also found in the 250-350 mbsf and 450-595 mbsf depth bins. The
250-350 mbsf bin has 130 fractures; the dip direction of conjugate fractures is northsouth with a moderate to steep dip. The average dip is 64° with an average dip direction
of 001° for the north dipping fractures, 189° for the south dipping fractures, and 259° for
the west dipping fractures. At the depths of 350-450 mbsf there are 231 fractures that also
have an east-west strike with moderate dips to the north and south. The average dip is 57°
with an average dip direction of 009° for the north dipping fractures and 186° for the
south dipping fractures. There is a lack of east and west dipping fractures in this depth
interval. There are 476 factures at the depths of 450-595 mbsf. The orientation is more
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variable compared to the other depth bins, but still has west dipping and north and south
dipping conjugate fractures. The average dip is 56° with an average dip direction of 350°
for the north dipping fractures, 190° for the south dipping fractures, and 275° for the west
dipping fractures.
Within Hole 735B there are 22 faults with the strike and dip of the fault plane and
trend and plunge of the slickenlines measured. Out of the 22 measured faults, 11 faults
are dip-slip (i.e., dip and plunge) are and 11 are oblique-slip (Figure 4.4 & 4.5). The
plunge of the slickenlines was subtracted from the dip of the fault planes in order to
determine type of slip. For the purpose of this study any fault that has a type of slip less
than or equal to 15° was considered dip-slip, and everything from 16-84° was considered
oblique-slip. Out of the 22 fault planes measured all of them recorded normal, left-lateral
slip (Burden et al., 2019).
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Figure 4.1
The 1,196 fractures from Hole 735B plotted as poles on an equal area stereonet to illustrate the orientations throughout the entire
logged section (90-595 mbsf). The contour interval is defined by Kamb contours, which contours the departure from a random
distribution of points (Kamb, 1959). The histogram shows the quantity of fractures with depth, where the is 0-50 fractures present at
the depths from 90-595 mbsf.The histogram shows the quantity of fractures with depth, where the is 0-50 fractures present at the
depths from 90-595 mbsf.
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Figure 4.2
Downhole plot of Hole 735B fractures identified using the FMS logs that shows the dip angle of the fractures versus depth (90-595
mbsf). Red boxes are the location of cataclasite zones determined by Dick et al. (1991).
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Figure 4.3
Column A has the dip angle and quantity of the fractures identified using FMS logs within Hole 735B, which are plotted as a histogram. Bin depth interval is in parentheses and in mbsf. Column B has a
series of equal area stereonets that signify the fractures’ orientations by poles to planes. Column C is a list of various statistics for each depth bin.
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Faults
Figure 4.4
Histogram of 22 faults measured for slickenlines within Hole 735B, where the faults were plotted against the degree of slip (dip minus plunge). Any fault that fell below the 15° black line is considered
dip-slip, and everything above (16-84°) was considered oblique-slip. Dip-slip faults are indicated by orange histogram bars, while the oblique-slip faults are indicated by the green bars. Faults are in
order of depth.

Figure 4.5
Stereonet from Hole 735B showing the orientation of the 22 faults and the slip directions of the fault. The stereonet shows di p-slip
(green planes) versus oblique-slip (orange planes), where there is 11 normal dip-slip and 11 normal oblique-slip faults.

4.2 HOLE 1105A FRACTURES AND FAULTS
Hole 1105A is the shallowest hole, with a depth and logging down to 160 mbsf,
with 205 identified fractures. A downhole plot of dip angle versus depth was created
(Figure 4.6), which shows the fractures are dominantly moderate in dip throughout the
hole with some variance. The downhole plot has multiple fracture zones and fault
breccias that have been annotated within the figure, and the downhole plot indicates that
the fracture density in Hole 1105A is less than Hole 735B and Hole U1473A at the
depths of 20-160 mbsf. The fracture zones within Hole 1105A have a minimal amount of
fractures recorded, but fault breccias seem to have a zone of fractures that have no
preferential dip.
28

With this being a shallow hole, only one depth bin was used for plotting (25-160
mbsf; Figure 4.7). The two sets of fractures throughout Hole 1105A have an average dip
of 44.9°, where the southwest dipping cluster has an average dip direction of 212°, and
the north dipping has an average dip direction of 355°. The upper portion (25-100 mbsf)
of the hole is dominated by north dipping fractures and very few south dipping fractures,
which has an average dip of 43° and average dip direction of 356° (Figure 4.8).
Within Hole 1105A there are 7 faults with the strike and dip of the fault plane and
trend and plunge of the slickenlines measured. Out of the 7 measured faults all 7 faults
are normal sense dip-slip faults (i.e., dip minus plunge; Figure 4.9 & 4.10), with two of
the faults being right lateral and five being left lateral.
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Figure 4.6
Downhole plot of Hole 1105A fractures from FMS logs that shows the dip angle of the fractures versus depth (25-160 mbsf).Orange
boxes represent fractured zones and red lines represent fault breccia depths. Fractured zones: (112, 127, 135, and 150 mbsf) and fault
breccias: (25, 86, 105, 115 mbsf) determined by MacLeod et al. (2017).
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Figure 4.7
Column A has the dip angle and quantity of the fractures identified with using the FMS logs within Hole 1105A, which are plotted as a histogram with the depth bin in parentheses and in mbsf. Column
B has a series of equal area stereonets that signify the fractures orientations by poles to planes contoured using the Kamb method (Kamb, 1959). Column C is a list of various statistics for each depth bin.

Figure 4.8
135 fracture planes represented by poles to planes for the depths of 25-160 mbsf within Hole 1105A, which shows the north dipping
fractures are the most abundant (Avg. dip-d: 356). The contour interval is defined by Kamb contours, which contours the departure
from a random distribution of points (Kamb, 1959). The histogram shows the quantity of fractures with depth, where there is 0-14
fractures present at the depths from 25-160 mbsf.
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Figure 4.9
Histogram of 7 faults measured for slickenlines within Hole 1105A, where the faults were plotted against the degree of slip (i.e., dip
minus plunge). Any fault that fell below the 15° was considered a dip-slip fault and are indicated by green histogram bars. This
histogram of Hole 1105A indicates that out of the seven measurable faults, all of them were dip-slip faults. Faults 1, 5, and 6 are pure
dip slip with no difference between the dip and plunge.

Figure 4.10
Stereonet from Hole 1105A showing the orientation of the seven faults as planes and the slip directions of the fault as trend and
plunge on the fault plane. The stereonet shows the seven normal, dip-slip faults (green planes).
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4.3 HOLE U1473A FRACTURES AND FAULTS
Hole U1473A was logged with FMS (85-785mbsf) and UBI (60-785mbsf), with
1,125 and 1,077 fractures identified, respectively. The FMS and UBI identified fractures
were plotted together and on separate stereonets in order to visualize the potential bias of
the tools (see Methods; Figure 4.11). Fractures seem to decrease with an increase in
depth, but there also appears to be an increase in faults in the upper portion of the hole
which coincide with the increase in fractures in the shallower depths (Figure 4.11).
Fractures identified by using FMS and UBI logs were plotted downhole, which shows the
distribution of dip angles versus depth (Figure 4.12). The stereonets and downhole plots
show the fractures identified using FMS logs have a lower average dip angle compared to
fractures identified using UBI logs (Figure 4.11 & 4.12).The downhole plot shows a
decrease in fractures with depth, and a significant decrease in measured fractures at the
depth of 411-469 mbsf, which is where a ~50 m fault was encountered (MacLeod et al.,
2017). Fracture sets identified using the FMS and UBI logs were separated into five,
~150 m depth bins (Figure 4.14 & 4.15). Fractures identified with both tools have
northeast-southwest dipping fractures in the upper portion of the hole (60-300 mbsf).
Fractures in the depth bin 60-150 (FMS) and 85-150 (UBI), have a moderate average dip
of 31° from FMS logs and a steeper but still moderate average dip of 59° from UBI logs .
The average dip direction for northeast dipping fractures identified by using the FMS
logs is 012° and 031° using the UBI logs. The average dip direction for southwest
dipping fractures identified by using the FMS logs is 197° and 230° using the UBI logs.
Fractures in the depth bin 150-300, have a moderate average dip of 39° for FMS logs and
fractures have a steep average dip of 69° in UBI logs. The average dip direction for
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northeast dipping fractures identified by using the FMS logs is 005° and 357° using the
UBI logs. When using the FMS logs the average dip direction for the south dipping
population of fractures is 224°. A south dipping fracture population was not identified
within the UBI logs, but a west dipping population is present with an average dip
direction of 251°. The north-south striking, west dipping saddle that is found in Hole
735B is also present in Hole U1473A at 300-450 mbsf in both UBI and FMS logs.
Fractures in the depth bin 300-450 mbsf, have a moderate average dip of 42° for FMS
logs and fractures have a steep average dip of 67° in UBI logs. The average dip direction
for north dipping population of fractures identified by using the FMS logs is 005° and
017° using the UBI logs, and an average dip direction for the south dipping population of
fractures is 192°. A south dipping population was not identified with the FMS logs, but
both tools recorded a west dipping population where FMS logs recorded an average dip
direction of 274° and 271° using the UBI logs.
At the depth of 450-600 mbsf there is an east-west striking conjugate fracture set
with a moderate average dip of 39° using the FMS logs and a steep average dip of 63°
using UBI logs. The average dip direction for north dipping fractures identified by using
the FMS logs is 001° and 357° in UBI logs; the average dip direction for the south
dipping population of fractures identified by using the FMS logs is 197° and 164° using
the UBI logs. The small fracture cluster that defines the north-south striking and westerly
dipping saddle at 450-600 mbsf has an average dip direction of 286° for FMS logs and
291° for UBI logs. At the depth of 600-785 mbsf there is an east-west striking conjugate
fracture set much like the 450-600 mbsf depth bin. Fractures in depth bin 600-785 mbsf
have a moderate average dip of 40° using the FMS logs and fractures have a steep
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average dip of 65° using the UBI logs. The average dip direction for the north dipping
population of fractures identified by using the FMS logs is 355° and 010° using the UBI
logs, and the average dip direction for south dipping population of fractures identified by
using the FMS logs is 170° and 171° using the UBI logs. The north-south striking and
west dipping saddle was not recorded by the FMS tool, but the fractures have an average
dip direction for the west dipping population of 278° by using the UBI logs. The
orientation of the fractures in Hole U1473A is much like Hole 735B, with the main
difference being dip magnitude.
Within Hole U1473A there are 19 faults with the strike and dip of the fault plane
and trend and plunge of the slickenlines measured from cores. Out of the 19 measured
faults, 17 faults are dip-slip (i.e., dip minus plunge) and 2 are oblique slip (Figure 4.16 &
4.17). The two oblique slip faults are normal left lateral, where the 17 dip-slip faults are
all normal faults with seven being right lateral and ten left lateral (Burden et al., 2019).
Fractures in fault zones tend to form distinct saddles when plotted on stereonets. For
example, by plotting the fractures at the same depth as the largest fault sampled (411-450
mbsf), the majority of the fractures at this depth represent the population that makes up
the saddle of north-south striking and west dipping fractures (Figure 4.13)
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Figure 4.11
The fractures in all three stereonets were plotted as poles on equal area stereonets to illustrate the orientation of fractures throughout
the entire logged section (FMS: 85-785 mbsf; UBI: 60-780). The contour interval is defined by Kamb contours, which contours the
departure from a random distribution of points (Kamb, 1959). A) The 2202 fractures measured from both UBI and FMS within Hole
U1473A. B) Equal area stereonet with 1,125 fractures from Hole U1473A identified in the FMS logs. The fractures are have moderate
to shallow dips and most fractures having an east-west strike and north dip. The histogram shows the quantity of fractures with depth,
where the is 0-40 fractures present at the depths from 85-785 mbsf. C) Equal area stereonet with 1,077 fractures from Hole U1473A
identified in the UBI logs. The fractures are have moderate to steep dips and the fractures having an array of strikes, but there is an
east-west and a north-south striking conjugate sets The histogram shows the quantity of fractures with depth, where the is 0-40
fractures present at the depths from 60-780 mbsf..
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Figure 4.12
Downhole plot of Hole U1473A FMS and UBI measurements that shows the dip angle of the fractures versus the depth (60-785
mbsf). FMS is indicated by black dots and range from 85 to 785 mbsf, and UBI is indicated by red dots and range from 60 to 780
mbsf. Black lines represents the extent of the FMS logging, red lines represents the extent of the UBI logging, orange lines represent
the location of faults, and the orange box represents a 50 m fault determined by MacLeod et al. (2017).
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Figure 4.13
Stereonet of Hole U1473A from the depths of 411-450 mbsf where a large fault is located. The locus of the fracture cluster indicates a
moderate west dip direction.
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Figure 4.14
Column A has the dip angle and quantity of the fractures measured with FMS within Hole U1473A, which are plotted as a histogram. Column B has a series of equal area stereonets that signify the
fractures orientations by poles to planes contoured using the Kamb method (Kamb, 1959). Column C is a list of various statistics for each depth bin.
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Figure 4.15
Column A has the dip angle and quantity of the fractures measured with UBI within Hole U1473A, which are plotted as a histogram. Column B has a series of equal area stereonets that signify the
fractures orientations by poles to planes contoured using the Kamb method (Kamb, 1959). Column C is a list of various statistics for each depth bin.
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Figure 4.16
Histogram of 19 faults measured for slickenlines within Hole U1473A, where the faults were plotted against the degree of slip. Any fault that falls below the 15° black line was considered a dip-slip, and
everything above (16-84°) was considered oblique-slip. Dip-slip faults are indicated by orange histogram bars, while the oblique-slip faults are indicated by the green bars.

Figure 4.17
Stereonet from Hole U1473A showing the orientation of the 19 faults and the slip directions of the fault. The stereonet shows dip-slip
(green planes) versus oblique-slip (orange planes), where there is 17 dip-slip and 2 oblique-slip faults. All faults have a normal sense
of shear.
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4.4 ALL HOLES
By looking at all three holes with their fractures, there is a cluster of northeastsouthwest dipping fracture set (Figure 4.18), and there is a north-south striking and west
dipping cluster in both Hole 735B and Hole U1473A. All three holes have similar
fracture orientations and with a few difference (Figure 4.18). The shallowest portion of
AB is best recorded by Hole 1105A that is dominated by shallow to moderate north
dipping fractures. Hole 1105A also has a minimal amount of southwest moderate dipping
fractures with an increase in depth (Figure 4.7 & 4.8). Deeper in the logged borehole is
best recorded by Hole 735B and Hole U1473A, which have fractures with moderate to
steep dips with similar dip directions recorded (Figure 4.3, 4.14, & 4.15). Both holes have
a conjugate set of fractures with northeast-southwest dipping fractures in the upper
portion of the logged borehole, but with depth the orientation of the fractures changes to a
more north and south dip direction (Figure 4.3, 4.14, & 4.15). A composite of stereonets
from all three holes was created using representative stereonets from each depth interval,
which provides a good representation of fracture orientation from ~20-800 mbsf (Figure
4.19). Fracture quantity of all three holes were plotted with depth and show to have
differences, where Hole 735B has an increase in fractures with depth, Hole U1473A has a
decrease with depth, and Hole 1105A seems to have minute change over the small depth
interval, but within all holes there is an increase in fracture density where faults are
located (Figure 4.20). Also, Hole 735B and U1473A have a fracture set that has a
moderate to steep west dip direction, and this fracture set seems to be present within the
vicinity of recorded faults (Figure 4.3, 4.14, & 4.15). The orientation of the fractures
seem to change due to the presence of faults (Figure 4.20 & 4.21), where faulted areas
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have fractures dip ~45-90°, and areas without faults have fractures that range from ~090° (Figure 4.21). There was a total of 48 measured faults with slickenlines within all
three holes, which all had normal sense of shear (Figure 4.22). Thirteen of the faults were
oblique-slip faults with all 13 faults being left-lateral. The remaining 35 faults are dip-slip
faults, with 9 being right-lateral and 26 being left-lateral.
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735B

1105A

U1473A

Figure 4.18
Equal area stereonets for all three holes (735B, 1105A, and U1473A respectively) measured by the petrophysical tools. The fractures are represented by poles to planes, which show to have clusters that
have similar strikes and varying dips. There is also a north and south striking and west dipping clusters present within each hole. Contoured using the Kamb method (Kamb, 1959).

1105A (20-160)

735B (350-450)

735B (90-150)

U1473A (450-600)

735B (150-250)

U1473A (600-785)

735B (250-350)

Figure 4.19
Composite of stereonets plotted with depth. This figure uses stereonets from all three holes to represents what the fracture orientation
in AB would look like from ~20-800 mbsf.
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Figure 4.20
Downhole plots of all three holes which show the change in quantity of fractures with depth. Red lines indicate the depth of recorded faults within each hole and the red box within Hole U1473A
indicates a large fault zone.

735B

1105A

U1473A FMS

Figure 4.21
Downhole plot of the dip angle versus the depth for all three holes (735B, 1105A, U1473A). U1473A shows both FMS and UBI recordings.

U1473A UBI

Figure 4.22
Fault planes from all three holes plotted on a stereonet showing the orientation of the 48 faults and the slip directions of the fault. The
stereonet shows dip-slip (green planes) versus oblique-slip (orange planes), where there is 35 dip-slip and 13 oblique-slip faults.
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CHAPTER V – DISCUSSION
In this section the following must be considered and explained to constrain the
brittle deformation during OCC formation: 1) the majority of fractures have a northward
dip direction; 2) a subset of fractures has a southward dip direction; 3) a subset of
fractures has a westward dip direction; 4) the shallowest depths have fractures that strike
northwest to southeast and dip northeast and southwest unlike the deeper depths that
strike east to west and dip north and south: 5) the fractures in Hole U1473A between
~400 and 450 mbsf are thought to be related to a fault and have a consistent orientation
with a dip direction to the west; and 6) the majority of faults are dip-slip and all have a
normal sense of shear with variable slickenline trends. This section will begin with
dynamic analysis to determine the possible orientation of the stress ellipsoid and
kinematic analysis to determine the extension and shortening axes. These results will be
used to create a model of fracture formation through time. Next, fracture orientation and
kinematic and dynamic analysis results will be compared with models of OCCs to
explain fracture orientation and formation. Fractures can form from many causes, and at
AB there are several possible causes, including: 1) the flexure of the footwall during
exhumation; 2) detachment faulting; 3) spreading direction of SWIR having a horizontal
rotation of 10° causing transtension along the Atlantis II transform; and 4) postexhumation, high-angle, crustal scale normal faults. Fracture orientations will also be
compared with other OCCs, namely Atlantis Massif, MAR.
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5.1 Dynamic and Kinematic Analysis
Fractures may form in a predictable manner relative to a stress ellipsoid (see
Methods; Figure 3.1). In a dynamic analysis the relationship between fracture orientation
and the stress ellipsoid is used to determine the orientation of the stresses during fracture
formation. The orientation of the stress ellipsoid was determined using N-S dipping
conjugate fractures as they are the most abundant fracture type compared to joints and the
west dipping fractures. In Hole 735B, the orientation of sigma 1 (greatest compressive
stress) is near vertical in relation to the seafloor of AB, sigma 2 is parallel to the E-W
strike of the fractures, and sigma 3 is parallel to the N-S dip direction (Figure 5.1). In
Hole 1105A the orientation of sigma 1 is near vertical, sigma 2 is parallel to the NW-SE
strike of the fractures, and sigma 3 is parallel to NE-SW dip direction (Figure 5.1 and
5.3). In Hole U1473A the orientation of sigma 1 is near vertical, sigma 2 is parallel to the
E-W strike of the fractures, and sigma 3 is parallel to the N-S dip direction (Figure 5.1).
The stress ellipsoids do have an overall orientation as seen in Figure 5.1, but in Hole
735B and Hole U1473A the trend and plunge of the principle stresses have minor
variations (Figure 5.2 and 5.4)
Faults can be characterized by the direction they extend and shorten if kinematic
data are known (e.g., slickenline orientation). These data were input into FaultKin
(Marrett and Allmendinger, 1990; Allmendinger et al., 2011) to calculate the extension
and shortening axis for each hole. In Hole 735B the orientation of the extension axis is
plunging 03° toward 006° and the orientation of the shortening axis is plunging 86°
toward 140° (Figure 5.5). In Hole 1105A the orientation of the extension axis is plunging
13° toward 218° and the orientation of the shortening axis is plunging 77° toward
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(Figure 5.5). In Hole U1473A the orientation of the extension axis is plunging 04° toward
018° and the orientation of the shortening axis is plunging 81° toward 132° (Figure 5.5).
The orientation of fractures and faults with kinematic data demonstrate that the
shortening direction and greatest compressive stress (sigma 1) are near vertical and subparallel, and the extension direction and least compressive stress (sigma 3) are also subparallel within all three holes. This analysis matches the prediction for a simple 2-D
model of extension. The generation of these fractures is discussed further below.
The exception to this is the subset of fractures that dip to the west. This fracture
orientation would suggest an extension and least compressive stress (sigma 3) orientation
oriented east-west, perpendicular to the regional extension direction. Sigma 1 and the
shortening axes for west dipping fractures are kinematically compatible with the north
and south dipping fractures. The generation of these fractures is discussed further below.
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735B

1105A

U1473A

Figure 5.1
All three holes with two stereonets to describe each hole. The contoured stereonets on the left are the same figures as seen in Figure 4.18, and the stereonets on the right have the location of all of the
principle stresses; where the red diamond is the direction of sigma one (vertical), the blue arrow is the direction of sigma two, and the black arrow is the direction of sigma three.

735B Stereonets

Stress Orientation

Principal Stress
Orientation
Sigma 1
P/T: 72°/024°
Sigma 2
P/T: 01°/116°
Sigma 3
P/T: 17°/206°
Sigma 1
P/T: 71°/026°
Sigma 2
P/T: 09°/267°
Sigma 3
P/T:16°/174°
Sigma 1
P/T: 75°/046°
Sigma 2
P/T: 14°/237°
Sigma 3
P/T: 02°/146°
Sigma 1
P/T: 61°/018°
Sigma 2
P/T: 07°/275°
Sigma 3
P/T: 28°/181°
Sigma 1
P/T: 62°/346°
Sigma 2
P/T: 01°/079°
Sigma 3
P/T: 28°/169°

Figure 5.2
Stereonets of Hole 735B with associated stress ellipsoid orientation indicated by the red diamond (Sigma 1), blue arrows (sigma
2), and black arrows (sigma 3). The trend and plunge are also included for each principal stress at each depth.
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1105A Stereonet

Stress Orientation

Principal Stress
Orientation
Sigma 1
P/T: 57°/026°
Sigma 2
P/T: 10°/279°
Sigma 3
P/T: 31°/183°

Figure 5.3
Stereonet of Hole 1105A with associated stress ellipsoid orientation indicated by the red diamond (Sigma 1), blue arrows (sigma 2),
and black arrows (sigma 3). The trend and plunge are also included for each principal stress.
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U1473A Stereonets

Stress Orientation

Principal Stress
Orientation
Sigma 1
P/T: 73°/355°
Sigma 2
P/T: 03°/097°
Sigma 3
P/T: 16°/188°
Sigma 1
P/T: 57°/348°
Sigma 2
P/T: 03°/084°
Sigma 3
P/T: 32°/176°
Sigma 1
P/T: 68°/040°
Sigma 2
P/T: 15°/265°
Sigma 3
P/T: 15°/171°
Sigma 1
P/T: 71°/020°
Sigma 2
P/T: 10°/260°
Sigma 3
P/T: 16°/167°
Sigma 1
P/T: 82°/019°
Sigma 2
P/T: 02°/277°
Sigma 3
P/T: 08°/187°

Figure 5.4
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Stereonets of Hole U1473A with associated stress ellipsoid orientation indicated by the red diamond (Sigma 1), blue arrows (sigma 2),
and black arrows (sigma 3). The trend and plunge are also included for each principal stress at each depth.
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735B

U1473A

1105A

ALL

Figure 5.5
All three holes with two stereonets to describe each hole and all three holes combined onto one stereonet. The stereonets on the left has fault slip planes and also has blue contouring that shows where
compression (P) is located (i.e., shortening axis) and red where tension (T) is located (i.e., extension axis). The stereonets on the right have a red diamond showing maximum shortening (near vertical)
and the black line points in the direction of maximum extension.

5.2 Flexure of the Lithosphere
OCCs are thought to form from the exhumation of the lower crust along an
originally moderately- to steeply-dipping detachment shear zone/fault (Escartin et al.,
2007; Parnell-Turner et al., 2017). During exhumation, the complex rotates away from
the ridge with the detachment shear zone/fault progressively shallowing in dip (Buck,
1988; Garcés and Gee, 2007; Morris et al., 2009) causing flexure of the lithosphere
(Buck, 1988; Parnell-Turner et al., 2017). Flexure of the complex could lead to
extensional jointing within the outer edge of the flexed lithosphere, and fractures related
to contraction towards the center of flexed lithosphere (Figure 5.6 and 5.7). Recent
geophysical studies along the MAR have measured earthquakes along a segment of the
oceanic crust that is along a projected detachment shear zone/fault of an active OCC
(Parnell-Turner et al., 2017). Parnell-Turner et al. (2017) reported normal slip
earthquakes formed along a zone interpreted to be the detachment shear zone/fault and
reverse slip earthquakes formed deeper, away from the detachment shear zone/fault in the
core of the OCC. If this is a similar process at all OCCs, then a record should be
observed at Atlantis Bank of extensional fractures in the upper most portion of the
boreholes, and contractional fractures at depths of ~1000-7000 mbsf (Figure 5.7; ParnellTurner et al., 2017). According to Parnell-Turner et al. (2017), the normal earthquakes
occurred on faults that average 50-70° in dip and have a consistent ridge-parallel strike;
reverse faults tend to have no preferred orientation.
The vast majority of fractures identified in AB strike parallel to the spreadingridge and fault kinematics records mainly normal faults (Figure 5.1 & 5.5). There are
faults that have a reverse sense of shear identified in all holes (Dick et al., 2000;
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MacLeod et al., 2017), but none occurred in intervals that were reoriented, so they were
not included in this study. However, the majority of slickensides with shear sense
identified are normal. For example, in Hole U1473A there are 5 faults with slickensides
with sense of shear, 1 of the 5 has a reverse sense, all the rest are normal (MacLeod et al.,
2017), which may suggest that the majority of faults in the drilled interval are normal.
These results are in addition to kinematic and dynamic analysis in support of extension
perpendicular to the ridge (see above). It is likely that the majority of fractures in the
logged intervals are a record of normal sense earthquakes and therefore flexure of the
footwall during exhumation.
There are fractures that have a more varied strike and faults that have a reverse
sense of shear, which may indicate these fractures are related to contraction during
flexure. However, the deepest fracture identified is down to 785 mbsf in Hole U1473A,
which is still within the zone of extension as predicted by Parnell-Turner et al. (2017).
This is further supported by the fairly systematic east-west strike of fractures in the depth
bin of 600-780 mbsf in Hole U1473A. It is therefore predicted that a record of fractures
due to reverse slip earthquakes would be intersected at greater depth.
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Figure 5.6
The diagram is a schematic of the flexure of the footwall during exhumation as well as the location of compression and tension. Red gradi ent is location of maximum compression and the blue gradient
is the location of maximum tension. Holes are represented to scale within the schematic where white is total drilled depth and green is total logged depth (modified after Parnell-Turner et al., 2017).

Figure 5.7
Schematic diagram of the stress orientation located at the SWIR and what the expected orientation of the fractures should look like with depth. Blue fractures are conjugate tensional fractures with a
preferred orientation, whereas the red fractures are contractional fractures with no preferred orientation. Holes are represented within the schematic to scale where white is total drilled depth and green is
total logged depth.

5.3 Detachment Fault Zone Deformation
Brittle deformation of OCCs has been observed to be focused at the depths of 0100 mbsf, which defines the detachment shear zone/fault (Cannat et al., 1991; Schroeder
and John, 2004; Karson et al., 2006; Miranda and John, 2010; Hansen et al., 2013). The
detachment fault at AB was exhumed at a moderate angle and then rotated away
shallowing the northern dip of the detachment fault (Kikawa and Pariso, 1991) . Fractures
identified by using the FMS logs in Hole 1105A from 25-160 mbsf best represents the
uppermost portion of the footwall and therefore the detachment fault. By separating this
bin into 25-100 mbsf and 100-160 mbsf, there is a clear distinction that most of the
shallow to moderate north dipping features throughout Hole 1105A is within the depth
interval expected to represent the detachment shear zone/fault (25-100 mbsf; Figure 4.8).
Therefore, this represents the best oriented brittle record of a detachment fault. The other
two holes only recorded a small portion of the upper 100 m of the massif, but the upper
100 m of those holes should also represent the detachment shear zone with east west
striking fractures that have a moderate northern dip. The exact orientation of the
detachment shear zone/fault is not known. One estimate based on the orientation of hightemperature metamorphic fabrics is an east-west strike and a shallow dip to the south
(Haggas et al., 2005). It can also be assumed that the orientation of the detachment shear
zone/fault roughly follows the seafloor, which would indicate an east-west strike and a
sub-horizontal dip to the north. There is a population of fractures in Hole 1105A that
does follow the predicted strike of the detachment shear zone/fault, but a steeper dip,
which is consistent with fracture orientation near fault zones (Hancock and Barka, 1987;
Petit, 1987). The orientation of most of the shallow depth fractures coincides with the
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findings of Pressling et al. (2012), where they noted fracture orientation in the upper
portion of Hole U1309D of the Atlantis Massif, MAR was different from the lower
portions of Hole U1309D. Pressling et al. (2012) found that the upper portion of the hole
has fractures striking N-S parallel to the spreading ridge, while the lower portions are
dominated by E-W striking features. These authors concluded that the upper portion of
the hole was within a semi-brittle to brittle zone formed in association with detachmentrelated deformation. At lower depth intervals a large proportion of fractures strike
perpendicular to the spreading-ridge, which Pressling et al. (2012) attribute to a ridgeperpendicular, high-angle normal fault. This similarity is described further in a section
below.
The orientation of some fractures in Hole 1105A and the upper depth interval of
Hole U1473A are distinct when compared to the possible orientations of the detachment
shear zone/fault. Fault zones can be chaotic with an increase in the number of fractures
and varied fracture orientation; however, given a relatively steady-state strain ellipsoid
orientation, fractures would be predicted to have a similar strike to the main fault zone
(Maqbool et al., 2016). The fracture orientations, namely the fractures that strike
northwest-southwest, suggest that the brittle deformation within the detachment zone
records a systematic strain ellipsoid not parallel to the regional extension direction. The
reasoning behind this is not clear.

5.4 Transtension along the SWIR
Transtension along the Atlantis II transform started 19.5 Ma and ended 7.5 Ma,
and AB formed ~12 Ma which would indicate that when AB formed the ridge-transform
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intersection was under transtension. The SWIR has been demonstrated to have a 10°
counterclockwise rotation in spreading direction from a northeast-southwest direction to a
north-south direction. Counterclockwise rotation caused transtension which lasted over
4.5 m.y. during the formation of AB (Figure 5.8 and 5.9; Baines et al., 2007). Therefore,
AB must have been undergoing transtension while it cooled into the brittle regime. If
sigma 3 changes direction, there should be fracturing perpendicular to original spreading
direction (N10°E) and a transition in fracture orientation perpendicular to the current
spreading direction (true N). A small change of fracture strike because of changes in
paleostress field orientation, distinct from conjugate fractures, has been identified in
contractional settings, for example, in the Appalachian Plateau, New York (Engelder and
Geiser, 1980). If fractures formed in distinct time intervals relative to distinct extension
directions, it may be expected that two loci of poles to fracture planes would be
discernable. There is a broad locus of poles to fracture planes with fractures that dip
north or south, but no distinct populations. This does not preclude the possibility of
fractures forming perpendicular to different extension directions, but might better support
the formation of fractures over this time period during progressive extension leading to a
broader locus of poles to planes.
Transtension along the ridge-transform intersection is thought to rotate the stress
field in the region near the intersection (Behn et al., 2002). By modeling coupling along
the transform fault at ridge-transform intersections Behn et al. (2002) demonstrated that
earthquake focal mechanisms, and therefore fractures, would change strike from ridgeparallel to ridge-oblique and even ridge-perpendicular very near the intersection. Several
depth intervals in AB have fractures that strike perpendicular to the ridge, even at the
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deepest intervals logged, which may be explained by rotations in strain fields due to
coupling along the Atlantis II Transform fault at the ridge-transform intersection during
the formation of AB.

Figure 5.8
A scaled timeline of SWIR from the start of transtension and formation of the AB to present day. Transtension of SWIR began ~19.5
Ma and lasted for about 12 m.y., AB formed ~12 Ma, and underwent 4.5 m.y. of transtension till 7.5 Ma. Anomalous uplift occurred
where carbonate rocks were deposited on AB which records the highest elevation of AB (near sea level; Palmiotto et al., 2013).
Subsidence occurred and now AB is ~700 m below sea level ( Dick, H.J.B et al., 1991; Baines et al., 2003; Baines et al., 2007;
Palmiotto et al., 2013).

70

A

B

C

Figure 5.9
Three schematic diagrams of Atlantis Bank in map view that represent a flow chart of stress and predicted resulting fracture
orientation during the formation of AB. The flow chart shows A) the fracture orientation (NW-SE strike) and the least principle stress
during AB’s early stages of formation (~12 Ma), along with the transtension along Atlantis II Transform that exists from 19.5-7.5 Ma
(black arrows), then B) a change in spreading direction and least principle stress due to transtension, which changes the orientation of
the transform fault and fractures, and C) transtension ceases (~7.5 ma) and the fractures are forming due to the N -S spreading
direction. Red indicates the fractures formed from the original spreading direction and black indicates fractures formed due to the 10°
rotation from transtension. Dashed line extended south from transform fault represents fracture zones.
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5.5 Crustal Scale Faults
Submersible dives and bathymetric mapping at AB indicate the presence of
normal faults striking parallel and perpendicular to the spreading ridge (Figure 2.2;
Baines et al., 2003). The dip for both the ridge-parallel and transform-parallel normal
faults ranges from 30 to 60° (Baines et al., 2003; Miranda & John, 2010). Each one of
these faults should be associated with fractures within the fault damage zone, where the
fractures should increase in density and be kinematically compatible. The normal faults
are described to be late and led to the anomalously high bathymetry of AB (Baines et al.,
2003). If there are fractures within the three holes that represent late faulting, then the
fractures and joints should crosscut all syn-kinematic features related to the detachment
shear zone/fault and have a similar orientation as the closest normal fault. Although none
of the holes drilled through the late stage normal faults as identified on the bathymetric
map of Figure 2.2, a fault was intersected in Hole U1473A over the interval 400-450
mbsf based on a decrease in drilling speed, recovery of chlorite-rich fault rocks, increase
in calcite vein density, and increase in fracture density (MacLeod et al., 2017). If the
fractures in the fault depth interval are isolated from other fracture populations, the
majority of poles to planes of the fractures have a westward dip direction (Figure 4.13).
This is consistent with late-stage, north-south striking, west dipping faults observed on
the seafloor (e.g., Baines et al., 2003). This may indicate that fractures that dip to the east
and west are late-stage related to high-angle normal faults leading to the exhumation of
AB to near sea level (Baines et al., 2003; Palmiotto et al., 2013). High-angle faults that
strike parallel to the extension direction could be the result of rapid uplift leading to
orthogonal extension (i.e., north-south and east-west) aided by weak coupling across
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transform faults (Behn et al., 2002). This is further supported by the presence of mass
wasting related gravels on the western slope of AB observed by submersibles indicating
gravitational collapse toward the transform fault (Arai et al., 2000; Kinoshita et al, 2001;
Matsumoto et al., 2002).The three holes within AB have similar fracture and fault
patterns as Hole 1309D within Atlantis Massif. Pressling et al., 2012 interprets ridgeperpendicular fractures within Hole 1309D, which are interpreted as a cross-cutting high
angle normal fault. The ridge perpendicular fractures and faults from Hole 1309D
coincide with the high angle N-S striking fractures and faults that were noted throughout
this study.
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CHAPTER VI – CONCLUSION
Thousands of fractures were identified and their orientation calculated in three
holes across AB providing one of the most detailed, oriented brittle studies of an OCC.
The distribution and orientation of fractures characterizes the brittle evolution of AB and
provides a better understanding of brittle deformation and the evolution of OCCs. By
completing a dynamic analysis using fracture orientation across all holes, we were able to
infer the paleo-stress field(s) potentially responsible for the brittle deformation. Brittle
deformation is now best explained by 1) flexure of the footwall explaining most east-west
striking fractures, 2) detachment shear zone deformation explaining the east-west striking
fractures closest to the seafloor, 3) transtension and coupling along the Atlantis II
transform explaining north-south and northwest-southeast striking fractures and/or, 4)
late stage high angle normal faults explaining west dipping fractures in known faulted
intervals. Listed below are fracture orientations and the mechanisms that best describe the
deformation with a correlation to the relative timing of the fractures.
1.

The original spreading ridge was oriented NW-SE (~10° east of north).

The NW-SE conjugate fractures found within all three holes are best explained by the
flexure of the exhumed footwall, where tensional fractures are most likely located from
the seafloor to ~1km.
2.

Along with the NW-SE striking fractures there are E-W striking fractures

that coincide with them. If the NW-SE striking features represent the original spreading
direction it is possible that during the 10° rotation of the spreading direction that fractures
formed perpendicular to the spreading direction. The E-W fractures can be explained by
the current spreading direction, in which the spreading ridge is oriented E-W with a N-S
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spreading direction. From the stereonets provided in all the holes it may be hard to
decipher the NW-SE locus from the E-W locus, which may be due to the continuous 10°
rotation of the spreading ridge from 12-7.5 Ma. The continuous rotation of the spreading
ridge may have progressively formed fractures, which is explained by a broad locus plots
on the stereonets.
3.

Within Hole 1105A fractures from 25-100 mbsf best represent the

detachment shear zone. Within this depth the fractures are E-W striking and are
dominated by a moderate northern dip, which is thought to represents the moderate to
shallow north dipping exhumed detachment fault.
4.

The N-S striking set of fractures that have a west dip is difficult to explain

in reference to the stress regime. In order for the N-S striking fractures to form sigma
three has to rotate 90° from the sigma three direction that formed the E-W fractures.
Therefore, this study did not conclude on the reasoning for 90° rotation of sigma three,
but the best explanation for the N-S striking fractures is late stage normal faulting. As
seen on Figure 2.2 there is N-S striking faults and within all of the holes there is a N-S
striking population of fractures. Within Hole U1473A at the depths of 300-450 there is a
N-S striking and moderate west dipping population present, and at this depth there is also
a large fault (~50m) that cuts this area, which is evidence that the same stresses that form
late stage normal faulting are the same stresses that form the N-S striking fracture
population.
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